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ABSTRACT 


Although barium titanate has been widely used in acoustic transducers 
and hydrophones, it has severe shortcomings in high temperature and high 
power applications. Lead zirconate titanate is a recently developed 
ferroelectric material which appears to have promise as a transducer 
material. The piezoelectric and dielectric properties of several lead 
zirconate compositions are measured over a wide range of temperatures and 
compared with those properties of a currently used barium titanate ceramic. 
The dielectric losses of several lead zirconate compositions are investi- 
gated under conditions of large driving voltage and high temperature. 
Finally, the effectiveness of cold versus hot polarization is investigated 
for a particular lead zirconate composition and a polarizing procedure is 
described which will produce excellent results. 

The writer wishes to express his appreciation for the assistance and 
encouragement given him in this investigation by Professors Lawrence E. 
Kinsler and Herman Medwin of the U. S. Naval Postgraduate School and Dr. 


T. F. Hueter of Raytheon Manufacturing Company, under whose guidance the 


actual research was carried out. 
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1. Introduction. 

The active elements for converting electrical energy into mechanical 
energy, and vice versa, in acoustic transducers utilize either magneto- 
strictive or piezoelectric effects. Magnetostrictive materials used 
include nickel, Permendur and some ferrites. Piezoelectric materials 
fall into two main classes, plezéel@@tric? crystals such as quartz and 
ferroelectric” crystals which may be grouped into four families on 
crystal-chemical basis. The first to be discovered was Rochelle Salt 
(R.S.) which is a member of the tartrate family. Next discovered were 
the alkali metal dihydrogen phosphates and arsenates represented by 
potassium dihyrogen phosphate (KDP) and ammonium dihydrogen phosphate 
(ADP). The third class of ferroelectrics is entitled the oxygen-octahedra 
family, on the basis of their crystal structure. This family includes the 
very important sub-group of perovskite-type ferroelectrics whose struc- 
tures are slight distortions of that of the mineral perovskite, CaTi0.. 
The best known member of this sub-group is barium titanate, BaTiO, but 
the number of ferroelectrics to be found among perovskite-type crystals 
is tremendously large. Finally, the latest family to be discovered is a 
new and unrelated type represented by guanidine aluminum sulfate hexyhy- 
drate (GASH), whose structure has not yet been determined. 

Bpi@eoe lectricity is defined as "electric polarization produced by 
mechanical strain [ and conversely | in crystals belonging to certain 


classes, the polarization being proportional to strain and changing sign 
with it." (see (7), page 4) 


A ferroelectric crystal is defined as "a crystal which exhibits a 
spontaneous electric dipole moment; in other words, a crystal for which 
even in the absence of an applied electric field the center of positive 
charge does not correspond with the center of negative charge. All 
ferroelectrics will be piezoelectric, but not all piezoelectrics will 
be ferroelectric (e.g., quartz)."' (see 23 page 182) 





Quartz exhibits a first order piezoelectric effect in which the 
relation between strain and electric displacement is linear. A second 
order piezoelectric effect is present in all other crystals (including 
solid insulators) in which the strain is proportional to the square of 
the electric displacement. Compared to the first order, or piezoelectric 
phenomena, the second order, or electrostrictive effects, are usually 
extremely small except in ferroelectric materials. Barium titanate and a 
recently developed material, lead zirconate titanate (PZT), are two such 
materials which exhibit a large electrostrictive effect. 

2. Barium Titanate as a Transducer Material. 

The excellent electroacoustic and mechanical properties of the ferro- 
electric materials have encouraged their almost exclusive use in current 
practical applications. Since barium titanate ceramics can be readily 
fabricated in a great variety of shapes and structures, they are in wide 
use in all types of ultrasonic transducers, sensing devices, and hydro- 
phones. 

Barium titanate ceramics, however, may be utilized only in applica- 
tions not requiring extreme temperature or time stability. Barium titanate 
exhibits three different ferroelectric phases with transition points at 
EpOrc, 5°c and 120°C. At the transition points, the various piezoelectric 
properties exhibit large peaks or dips, while in the interval between the 
transition points, the piezoelectric properties often change rapidly with 
temperature. 

Compositional additives, such as calcium, lead and strontium have 
proved useful in improving temperature stability within given temperature 
regions. Unfortunately, additives which provide high temperature sta- 
bility cause lowered electromechanical coupling; in general, the better 


the temperature stability, the lower the coupling. 


2 





A more serious design limitation of barium titanate transducers, 
however, is their low power handling capacity. Below its Curie Point 
of 120°c, barium titanate has the ability to retain electromechanical 
activity after application of a polarizing field. It has been observed 
that under large a.c. fields such as are applied in ultrasonic and high 
power applications, this polarization and thereby the electromechanical 
activity may be appreciably reduced or virtually lost. This is partly 
due to direct polarization as the opposing peak charge density becomes 
an appreciable fraction of the originally retained polarization and partly 
due to the temperature increase caused by rapidly increasing dielectric 
losses. 

It has recently been found that the addition of small amounts of 
Cobalt to certain barium titanate mixtures produces a significant reduce 
tion in the dielectric loss without appreciably reducing the electro- 
mechanical activity. The resultant gain in power handling capacity is 
important to note. 

3. Recently Developed Ferroelectrics. 

Recently several other ferroelectric materials have been found which 
have the ability to retain electromechanical activity when polarized. In 
particular, several compositions of lead zirconate titanate appear to 
have promise in the areas in which barium titanate has been found lacking, 
namely high temperature and high power applications. The properties of 
PZT are compared with those of barium titanate in Table I. It may readily 


be seen that the published properties of PZT are particularly outstanding. 
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4. Composition of Lead Zirconate Titanate. 

Lead titanate is a perovskite-type ferroelectric, similar in crystal- 
line structure to barium titanate. The perovskite structure is the sim- 
plest crystal structure, ABO, in which the A ions occupy the corners, 
the B ions occupy the center position of a unit cell, with the oxygen 
ions at the center faces (see Figure 1). The ferroelectric compoynds 
have been found to have either rhombohedral, tetragonal or Stal calle 


Symmetry. (See Figure 1). 


ee eeneers arenes aoe @ 


| eo | ~S = 
: © A (Pb) O 


{| B (Ti) - ® 


= S Oxygen - 


Figure 1. Cubic perovskite - type structure - ABO, 


Lead zirconate, reported by Roberts [32] to have a tetragonal 
perovskite-type structure, is considered to be antiferroelectric and 
therefore cannot be polarized to exhibit a piezoelectric effect. In 
1952, the properties of the Pbzr0., - PbTiO, system were described by 
Shirane, Suzuki and Takeda [41, 42, 43] and were later reviewed by 
Sawaguchi [34]. It was found that lead zirconate becomes ferroelectric 


in the presence of 10 mole % or more of lead titanate. The phase diagram 





of the system PbZrO, - PbTiO, as determined by Sawaguchi [ 34} is shown 
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in Figure 2, 
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PbéZr0,, Atomic Percent PbTiO, 
of PbTiO, 


Figure 2. Phase diagram of PbZrO, = PbT1O, system. Pa - paraelectric, 


cubic; Fa - Ferroelectric, rhombohedral; Fb - ferroelectric, 
tetragonal; A - antiferroelectric (After Sawaguchi (34 }) 


A Pearneeropic: phase boundary occurs at about 45 mole % lead titan- 
ate. Solid solutions containing less than 45 mole % lead titanate are 
rhombohedral, while those containing more than this amount are tetrayonal, 
isostructural with both lead titanate and barium titanate. 

The optimum percentages of PbTiO, and Pbzr0., to be used in the 
Pb(Zr,T1)O, system may be determined from Figure 3. The electromechan- 
ical response of the rhombohedral specimens increases sharply as the 
transition composition at 45 mole % is approached. The tetragonal com- 


positions nearest the boundary also have strong response. However,still 


more lead titanate causes a marked decrease, and ceramics containing 60 


nA morphotropic transformation is an abrupt change in structure of 
a solid solution with variation in composition. 





mole % or more of lead titanate show no electromechanical activity after 


polarization. 


(eee 8) 4 
0 20 40 60 80 100 
Pb2r0, Atomic Percent PoTi0, 
of PoTi0, 


Figure 3. Radial Coupling Coefficient (K) for PbTi0, - Pb2r0, 
solid solution ceramics. (After Jaffe et. al. [ 20 }) 


5. Preparation of Specimens. 
The materials used to prepare samples of PZT include reagent grade 
PbO,a commercially pure grade of zr0,, and a good dielectric grade of 


Ti0 The ingredients are weighed and ball milled with distilled water 


2 
for intimate mixing. The mix is dried, mixed again in a mortar, and 
calcined at 800° - 850°C in a covered alumina or platinum crucible. 


The calcined mix is then ground thoroughly and specimens pressed 


into desired shape in steel dies at pressures of 10,000 - 15,000 psi. 





5.1. Firing of Specimens. 

Since the lead oxide in lead zirconate and its solid solutions is 
volatile, its loss can only be controlled by firing the specimens in an 
atmosphere that contains lead oxide vapor. One method of accomplishing 


this is to place pellets of PbO + ZrO, enriched in PbO in the crucible 


2 
with the specimens. The pellet provides an ''atmosphere" enriched in 
PbO vapor to retard evaporation of the specimens. The weight of the 
"atmosphere'' pellet is critical, for it has been found that the final 
weight of the specimens can be controlled by the "atmosphere" pellet. 


The joints of the crucible may be sealed with a T10, paste or the 


2 
crucible may be placed in a larger furnace which also contains an ‘atmo- 
sphere'’ pellet. The specimens are then fired by heating at a uniform 

cate up to the soaking temperature which is in the order of 1200 - 1300°C. 
After soaking the specimens for 20 - 60 minutes, the furnace is allowed 

to cool naturally. 

6. Measurement Program. 

An investigation of lead zirconate titanate was conducted at the 
Wayland Laboratory of the Raytheon Manufacturing Company in order to ascer- 
tain its potential for use in sonar transducers and hydrophones. The 
program included: 

a. Studies of piezoelectric properties at low level including cou- 
pling coefficient and loss factor as a function of temperature. 

b. Studies of loss factor as a function of drive level. 

c. Studies of suitable polarizing techniques, and polarizing field 
as a function of time of application and temperature. 

6.1. Materials Used. 

Several compositions of lead zirconate titanate were tested, two 

types, PZT4 and PZT-5A, prepared by Brush Laboratories of Cleveland, Ohio, 


8 





and one type, Pb(Zr 552i 4593 (laboratory samples roughly corresponding 
to the National Bureau of Standards mixture [17]) prepared by the Research 
Division of Raytheon Manufacturing Company, Waltham, Massachusetts. The 


physical dimensions of the specimens are listed below: 


Type Diameter (inches Thickness (inches) 
*PZT-4 l 0.75 
PZT-4 l .095 
PZT-5SA 5 ee fe wl 
Pb(Zr ..Ti 15)0, baci he 


wAfter measurements were made Sn the thick discs of PZT-4, they were then 
sliced, electroded, and repolarized for further study as thin discs. 

All of the measurements of the piezoelectric properties of PZT-4 and 
Pb(Zr ..Ti ,5)0, are averages of two or more specimens. The piezoelectric 
properties of PZT-5A are single disc values. 

The data obtained on polarizing techniques of PZT-4 are also single 
disc values. 

6.2. Piezoelectric War cules. 

The chief figure of merit often used to evaluate the piezoelectric 
properties of a ceramic is the radial coupling eoeteiciene.- Thin discs 
vibrating at radial resonance present an isolated resonant mode which may 
be accurately measured. The radial coupling factor may be conveniently 
calculated from the measured resonant and anti-resonant frequencies, using 


the following equation, adapted from Mason [ 26 |: 


cemgrline coefficient - "k" - a dimensionless quantity defined as 
the square root of the ratio of mechanical energy stored in the crystal 
to the electric energy absorbed by the crystal; it is a true measure of 
the efficiency of the crystal as a transducer or converter of energy. 


9 





Gee «62.51 AF F = Resonant frequency, Kcs. 


ee = r 
Is F. 
Ts DU E. = Antiresonant frequency, Kcs. 
af. AF =F -F 
a r 


The resonant frequency was determined by varying the frequency of a 
Western Electric 17B oscillator, acting as a constant current source through 
a 1000 ohm resistance, for a minimum impedance (voltage) of the specimen. 

The antiresonant frequency was obtained by varying the frequency for 
maximum impedance (voltage) of the specimen at constant current through 
a 500K ohm resistance. Frequency was measured with a Potter 840 Frequency 
Counter; voltage was measured with a Hewlett Packard 400A VTVM. 

From the measured radial coupling coefficient and Poisson's ratio, 
the transverse coupling factor may be determined: 


2 1l-o 2 
“ 7 a om 


Wl 


Poisson's ratio, taken as .3 


k transverse coupling coefficient 


31 


Young's modulus of elasticity may be determined as follows [ 26 |: 


2 ef 
E 2x a F : 2 y= = elastic modulus, oe 
5 = Poses fe (1 = a.) oO apace 
2103 
a = disc radius, meters 
0 = density, kilograms 
meter 
The radial mode frequency constant of the material is: 
RC = Fr. d FC = frequency constant, cycles meter 


d = disc diameter, meters 
Piezoelectric ceramic elements have two main uses, one as a generator 
of mechanical energy (ultrasonic generator or loudspeaker), and the other 
as a generator of an electrical signal (phonograph pickup or hydrophone). 


10 





For the first use, a high "d'"' cous Gant is important; for the second, a 
high "g" comerane- is desired. Thus, although the coupling coefficient 
is a valid figure of merit, high '"'d" and ''g" are individually desirable 
for most applications. The d and g coefficients were calculated from 


the following relations: 


_ eas) €  ¢ d., = transverse piezoelectric con- 
deez, ik Oo 31 
31 SL aaa aa stant coulombs 


2¥ newton 


mm 
r 


permittivity of vacuum (8.86 x 
10712 farads/meter) 


oO 


relative dielectric constant at 
25°C and at a frequency below 
all resonances (1 kc) 


er 
il 


o 





83), = = transverse piezoelectric con- 


stant meter volts 
newton 


831 


AN 
Oo 
AN 


The blocked capacitance and loss Tree. tan&, at 1 ke of the spec- 


imens were measured directly with a General Radio 716-C Capacitance Bridge 


Ligne coefficient is the basic coefficient long used by crystal phys- 
icists; it gives the ratio of electric charge density output per unit 
pressure input under short circuit conditions, and conversely the defor- 
mation obtained per unit applied voltage under no load conditions. It may 
therefore be called the piezoelectric compliance coefficient and in the 


MKS system is measured in: coulombs meters 8 | 
newton volt 
2, 


g"' coefficient - a measure of the e.m.f. gradient per unit pressure 
applied obtained ey dividing the 'd'' constant by the free dielectric con- 
stant (8.86 x 1071 farads/m). It may be termed the elasto-electric co- 
efficient and is measured in meter-volts [8] 

newton 


3the loss factor, tan §, is defined as the ratio of the loss rate 
to the stored energy rate. 


1 


tan 6 = ———— R = electrical resistance, ohms 
w RC e 
ne ok blocked capacitance, microfarads 
w = radians/sec at desired frequency 


ll 





which uses a modified Schering bridge circuit. A Hewlett Packard 200C 
Audio Oscillator, set at 1 kc was used as generator and a Ballantine 
801 VTVM was used as the detector. 

The free dielectric constant of the specimen may then be computed 
from the expression for a parallel plate condenser: 


s 
6x t 
€ = ee CG ane € = free dielectric constant (at 


A l kc) 


ti 


t = thickness of disc, centimeters 


2 
area of disc, centimeters 


> 
it 


OQ 
© 
if 


blocked capacitance of disc, 
microfarads 


Admittance measurements vs frequency were taken on the specimens 
using a precision admittance (parallel impedance) ries. , a Western 
Electric 17B oscillator and a Potter 840 Frequency Counter. The mechan- 


ical Q of the disc may be obtained from the admittance vs frequency 


circle: 
Q, _ bo : at Q, = mechanical Q 
- F 
L 


Fos Fy frequencies of half power points. 


The radial coupling factor may also be obtained from the admittance 


circle using the following formula, adapted from Mason [ 26]: 


= an Ds = diameter of admittance circle, 
6 -B Q + D mhos 
ww: e A 


B = blocked susceptance, mhos 


Figures 4 and 5 present the typical admittance versus frequency cir- 


cles in air at room temperature for unloaded discs of PZT-4 and PZT-5A. 


Lthis bridge resembles the Harvard Underwater Sound Laboratory Bridge 
[ 29 except for the addition of a Submarine Signal Company tuned R.F. 
amplifier and null detector, and some special shielding. It covers the 
frequency range from 1-150 kc with an accuracy of better than .5%. 
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Measurements were taken over a temperature range of 15°C to 200°C 
which generally exceeds the expected temperatures to be encountered in 
use or in storage. Temperature runs were taken with the specimens in an 
oven or a silicone oil bath, as was deemed appropriate. All readings 
were taken with the temperature rising slightly to avoid relaxation or 
hysteresis phenomena. 

6.3. Loss Measurements. 

Baerwald [1] has shown that for moderate losses, capacitance bridge 
methods may be justified for loss factor measurements. Consequently, to 
measure loss factor as a funetion of drive level a General Radio 716-B 
Capacitance Bridge was used with a Communications Measurement Laboratory 
Model 1425C Variable Frequency Electronic Generator set at 1 ke and a 
Ballantine 813 VTVM as detector. 

6.4. Polarization Study. 

Due to its relatively high Curie temperature of approximately 350°C, 
the polarization problems for PZT are presumably different from those for 
barium titanate materials. An investigation was therefore conducted to 
evaluate the effectiveness of cold versus hot polarization and the optimi- 
zation of polarization techniques; i.e., temperature, time and voltage 
relationships. 

The effect of time on cold polarization was first considered. Spec- 
imens were polarized at room temperature in a Silicone oil bach at 40 
KV/cm for 2 and 4 hours. (See Figure 6). These were designated specimens 
A and B respectively. 

In order to establish the effect of field strength on polarization, 


three identical time vs temperature procedures were conducted. (See 


ped Corning 550 Silicone Fluid. 


15 





Figure 7). In all cases the temperature was raised to 100°c, held for 
an hour and allowed to cool slowly to room temperature. Polarizing 
voltage was applied when the temperature reached 50°C. Procedure C had 
a field strength of 40 KV/cm, procedure D had a field strength of 30 
KV/cm, and procedure E had a field strength of 20 KV/cm. 

In order to ascertain the effect of polarizing at high temperature, 
approaching the Curie point of PZT, procedure F was tried. (See Figure 
8). The specimen was heated to 200°c, held for 30 minutes and allowed 
to cool slowly to room temperature. The polarizing voltage of 20 KV/cm 
was applied when the temperature reached 50°. However, due to the de- 
crease of d.c. resistance of the ceramic with increasing temperature, the 
output voltage of the power supply decreased as the d.c. resistance of 
the ceramic approached the output impedance of the power supply. Conse- 
quently, at 200°C, the effective polarizing voltage across the sample was 
in the order of 3 KV/cm. 

The effect of time on hot polarization was also considered. (See 
Figure 9). In procedure G, using a field strength of 40 KV/cm the speci- 
men was heated to 100°c, the heat source was removed, and the specimen 
was allowed to cool slowly to room temperature. This procedure shortened 
the time of procedure D by one hour. Finally, procedure H was suggested 
by analysis of the results of previous runs. Again using a field strength 
of 40 KV/cm, the specimen was heated quickly to 100°C and then more slowly 
until the d.c. current through the power supply began to increase rapidly 
at which point the polarizing voltage began to decrease. The heat source 
was then removed and the specimen allowed to cool slowly to room 
temperature. 

Two types of tests were used to evaluate the above mentioned polari- 


zation procedures. 
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(1) Determination of radial coupling coefficient from measurement 
of resonant and antiresonant frequencies, and 

(2) Evaluation of the specimen as a transducer element; i.e., re- 
sponse tests in water of acoustic output vs electrical input for low to 
medium level power inputs. 

For the latter tests, the specimens were cemented to a backing plate 
and placed in a transducer housing. The transducer was placed in a large 
test tank (24 x 12 x 13 feet) and a Massa Laboratories type M115-B cali- 
brated hydrophone located one meter from the transducer. Since standing 
waves were found to be present in the tank when a continuous wave oscil- 
lator was used to drive the transducer, a pulsed-sound technique was 
used for all measurements. (See Figure 10 for the block diagram of equip- 
went arrangement). The hydrophone response was fed to gating circuits, 
and all reflected pulses were gated out. The oscillator was tuned to 
the resonant frequency of the transducer (as determined from the admit- 
tance circle in water) and acoustic output observed as electrical input 
power was varied. Electrical input was determined from measured values 
of input voltage and input current and values of phase angle computed 
from admittance measurements. Acoustic output in db re l volt/ayne/em* 


was observed directly on a calibrated detector. 
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Figure 10. Block Diagram of Pulsed Sound System. 
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Oscillator, Techno Instrument Co., Type TI-213 
Send Modulator, Techno Instrument Co., Type TI-214 
Transmitter Gate, Raytheon Manufacturing Company 
Pulse Generator, Raytheon Manufacturing Company 
Power Amplifier, Raytheon Manufacturing Company 
Receiver, Raytheon Manufacturing Company 

Power Level Recorder, Leeds & Northrup Co. 


Cathode Ray Oscilloscope, Tektronix Type 512 





7. Test Results. 
7.1. Piezoelectric Properties. 

The variation of radial coupling coefficient (k)> transverse cou- 
pling coefficient (k 


constant, constant, free dielectric 


31)? 93) 831 
constant (€), Young's modulus (4) frequency constant (FC), and mechan- 
ical Q (Q from 0°C to 180°C of the three lead zirconate compositions 
studies are plotted in Figures 11 through 16. It is particularly note- 
worthy that the coupling coefficients and frequency constant are extremely 
stable over a wide temperature range and the remaining quantities do not 
change greatly, percentage wise. 

Table II compares the above quantities at 20°C with published data 
for barium titanate Ceramic B. It should be pointed out that the speci- 


mens of Pb(Zr 5 Ti 45293 were laboratory samples and hence not repre- 


> 
sentatives of commercially produced materials. The samples were appar- 
ently not homogeneous, or impurities were present, for the polarizability 
was low, which led to low values for the coupling coefficient and the 
values derived therefrom. The data of PZT-4 and 5A indicate that when 
techniques of manufacture have been mastered, the properties of PZT are 
outstanding. The Poupltt coefficients, daa constant, and 83) constant 
are 60 to 100% greater than those of Ceramic B. The low value of di- 
electric constant listed in Table I for Po(Zr ,,Ti ,.)0, has been in- 
creased by compositional additives in PZT-4 and 5A to a value comparable 
to that of Ceramic B and the loss factors are, in general, lower than 
that of Ceramic B. The lower values of Young's modulus and frequency 
constant recorded for PZT indicate that for a given frequency, the size 
of the active elements (and thereby the transducer housing) may be 


smaller than those of Ceramic B which is indeed fortunate in view of the 
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increased density of PZT. Finally, the high Curie point of PZT leaves 
no doubt as to its superiority over barium titanate in high temperature 
applications. 

Table III lists the maximum percentage change with respect to the 
values at 20°C of the piezoelectric properties of PZT in the temperature 
range from 20°C to 120°C. The relatively small percentage changes are 
even more impressive when it is realized that barium titanate ceramics 
are no longer piezoelectric at 120°c. 

7.2. Loss Factor Studies. 

The variation of tan 5 with both temperature and driving field for 
the three lead zirconate compositions are plotted in Figures 17 through 
22. In all cases it was found that the electrical losses of the PZT 
compositions increase but slowly with temperature. The curves of 


PoecZr ..Ti 45293 and PZT-4, in addition, show low loss factors with 


55 
large driving fields. Figures 18 and 21 indicate that PZT-4 is particu- 
larly well suited to high power-high temperature applications without 
fear of high dielectric losses and resultant depolarization. 

The variation of dielectric constant with both temperature and driv- 
ing field for PZT-4 and 5A is plotted in Figures 23 and 24. It is noted 
that the dielectric constant increases with both temperature and drive 
level, although not severely so. In a transducer this would be reflected 
as an impedance change which would have to be allowed for. 

7.3. Polarizing Studies. 
The results of the polarizing procedures previously described are 


presented graphically in Figure 25 and in tabular form in Table IV and 


it is seen that the results, in general, agree. 
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Curves A and B indicate that cold polarization at 40 KV/cm is not a 
very practical procedure. To polarize successfully at room temperature 
high field strengths in the order of 60 KV/cm are required. However, 
high field strengths prove hazardous to specimens that are flawed or in- 
homogeneous, and the percentage of breakages and breakdowns in production 
quantities might be too large to tolerate. 

Curves C, D and E indicate that moderately high field strengths are 
required even at 100°C. In each case the time-temperature curves are 
identical and only the field strength is varied. At 100°C a field 
strength of 40 KV/cm is clearly superior to lower field strengths. 

Curve F seems to indicate that too high a temperature may be detri- 
mental to polarization, even at lowered field strengths. Ina polari- 
zation study of barium titanate, Froemel [9] reported that barium titan- 
ate reduces quite easily, especially at high fleld strengths and 
temperatures. Reduction causes an increase in conductivity with a 
resultant loss of permanent polarization. When this occurs the area 
becomes more conductive and the extent of conduction can be measured by 
the change in capacitance after polarization. Apparently the mechanism 
of reduction occurs in a similar manner in PZT-4 since not only was the 
resultant polarization low, but the increase in dielectric constant of 
sample F was completely out of proportion to that of the other samples. 

Curve G evaluates the result of decreasing the time of hot polariza- 
tion. Comparison of curves C and G indicates that nothing is to be 
gained by holding the temperature at 100° for any length of time. 

Procedure H was an attempt to optimize procedure G. Although the 
radical coupling coefficient of H is the highest obtained, it should be 


noted that curve H is less linear than curve G especially at higher 
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electrical inputs. This may be the first indication of reduction such 
as is presumed to have happened to F. 

The optimum procedure for polarizing PZT-4 seems to be a compromise 
between procedures G and H; i.e.,a field strength of 40 KV/cm and a tem- 
perature not exceeding Mo ¢. with slow cooling to room temperature 
thereafter. 

With further reference to Table IV, it may be seen that potential 
efficiency increases with increasing coupling coefficient, while total 
impedance at resonance and electrical Q decrease with increasing coupling 
coefficient. The mechanical Q and bandwidth of the transducer seem to 
have no particular relationship to coupling coefficient. It is believed 
that the high mechanical Q's measured are a function of transducer con- 
ctruction in that the PZT disc was cemented to a corprene backing which 
may be acting as a pressure release surface thereby not loading the disc 
completely. The data for potential efficiency, mechanical Q, electrical 
Q, bandwidth and impedance were obtained from the admittance vs fre- 
quency circles for radiation into water. These curves are presented as 
Figures 28 through 34. 

Finally, it was noted that the frequency of radial resonance of the 
polarized discs varied with the square of the coupling coefficient. 
Figure 26 indicates the relationship between resonant frequency and Ke 
is linear for coupling factors greater than 0.3. Figure 27 presents 
the same information somewhat differently. Using the frequency of radial 
resonance of disc ''A'' as reference, the percent change in resonant fre- 
quency is plotted versus kK and again it may be seen that the variation 


is linear. 
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8. Conclusions. 

It has been found that the piezoelectric properties of the various 
lead zirconate titanate compositions are very stable over a wide range 
of temperatures. In addition PZT-4 and PZT-5 have piezoelectric pro- 
perties much superior to those of barium titanate. 

It has also been found that the loss factors of the lead zirconate 
titanate compositions are low and rise slowly with temperature. Although 
the electrical losses increase with voltage, as do the electrical losses 
of barium titanate, the loss factor of PZT-4 is extremely low even at 
high driving fields. 7 

It has been found that PZT-4, in particular, has outstanding piezo- 
electric properties and is excellently suited for use in underwater 
€coustic transducers, sensing devices and hydrophones. In addition, 
because of its low loss factor and high temperature stability, it is one 
of the few materials suitable for high driving voltage and high power 
applications. 

Finally, a very effective polarizing procedure for PZT-4 has been 
determined to be a field strength of 40 KV/cm applied throughout the 
temperature cycle, and a temperature not exceeding 110°C with slow cool- 


ing to room temperature thereafter. 
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